The role of homology between donor and recipient DNAs in the protection of transfecting DNA against restriction by competent Bacillus subtilis R cells was studied under marker rescue conditions with modified helper phage. By comparing restriction under conditions of preinfection marker rescue and superinfection marker rescue, the significance of DNA homology during the initial stages of DNA processing by competent cells could be studied. The results showed that both in preinfection and in superinfection, complete protection against restriction of transfectants produced via rescue by the modified homologous helper chromosome occurred. Even up to 90 min after entry, DNA entering the helper-mediated pathway of transfection was not affected by restriction. The significance of these findings is discussed in the general context of the role of DNA homology between donor and recipient on the fate of donor DNA in competent B. subtilis, in particular in relation to the effects on restriction.
The role of homology between donor and recipient DNAs in the protection of transfecting DNA against restriction by competent Bacillus subtilis R cells was studied under marker rescue conditions with modified helper phage. By comparing restriction under conditions of preinfection marker rescue and superinfection marker rescue, the significance of DNA homology during the initial stages of DNA processing by competent cells could be studied. The results showed that both in preinfection and in superinfection, complete protection against restriction of transfectants produced via rescue by the modified homologous helper chromosome occurred. Even up to 90 min after entry, DNA entering the helper-mediated pathway of transfection was not affected by restriction. The significance of these findings is discussed in the general context of the role of DNA homology between donor and recipient on the fate of donor DNA in competent B. subtilis, in particular in relation to the effects on restriction.
In previous papers dealing with restriction of donor DNA introduced in competent Bacillus subtilis R cells, we have shown that in transformation with chromosomal DNA, and in transfection of lysogenic recipients, restriction does not occur if homology exists between the donor and recipient DNAs (5, 23) . This result is in contrast to the observed restriction of transfecting DNA in the absence of DNA homology in nonlysogens (6, 7, 23) . It is also in contrast to the results obtained in plasmid transformation in B. subtilis, where restriction does occur (11, 19, 22) . It was also shown (11) that if homology exists between a donor plasmid and a plasmid in the recipient, the donor plasmid is not restricted. Moreover, if a piece of chromosomal DNA is inserted into a transforming plasmid, restriction of the nonhomologous plasmid markers is observed, whereas the homologous markers on the part derived from the chromosomal DNA are not restricted (10) . All of these results point to a decisive role of DNA homology between donor and recipient in B. subtilis in the resistance to restriction of newly introduced DNA. To explain the role of DNA homology in restriction, we postulated (5, 11) that the differential effect of restriction on the various types of donor DNA is a consequence of differences in the fate of these DNAs. In our working model, we consider all types of donor DNA to be subjected to similar initial steps in their processing, notably, that they become single stranded and fragmented upon entry in competent B. subtilis cells. In systems with homology between donor and recipient DNAs, pairing of the donor moiety will occur with modified DNA strands of the restricting/modifying recipient, resulting, in the formation of restriction-resistant m+/m-DNA heteroduplexes. In the absence of DNA homology with the recipient, the single-stranded fragments will anneal upon themselves, that is, pair with complementary m-fragments of donor origin to yield m-/m-homoduplexes in the pairing regions. These double-stranded, unmodified regions will be subjected to restriction.
The primary aim of this investigation was to obtain further evidence to test the validity of our working model. In the systems described so far, homology in the recipient cells was present during the initial steps of the interaction with the donor DNA, which, in turn, might favor a rapid development of resistance to restriction by the formation of m+/m-heteroduplexes. To determine the effect of the timing of heteroduplex formation on the acquisition of resistance to restriction, we wanted to extend our studies to a system in which homology between donor and recipient DNAs could be established at any time after the uptake of the donor DNA. Transfection under marker rescue Preparation of DNA. Phage DNAs were extracted with phenol from CsCl-purified stocks (8) . Separation and purification of the complementary strands of SPP1 DNA were done in two cycles of CsCl gradient centrifugation as described before (6) .
Transfection. Cultures of strains 8G-5 (r-m-) and 6G-R (r+ m+) were grown to competence as described earlier (8) . Freshly prepared competent cells were synchronized for uptake of transfecting DNA in the same way as described for transforming DNA (9) . To that aim, competent cells were incubated for 5 min at 37°C in the presence of 15 
RESULTS
Restriction of transfecting DNA in PMR. Table  2 shows the effect of preinfection with helper phage on restriction of transfecting SPP1 DNA. Competent 8G-5 (r-m-) and 6G-R (r+ m+) cells were preinfected with high input multiplicities (three phage per bacterium) of either nonmodified or modified helper phage and subsequently used in transfection with SPP1.0 and SPP1.R DNAs. The results of this experiment are summarized and expressed as restriction ratios, i.e., the number of transfectants obtained on the 6G-R (r+ m+) recipient relative to the number on the 8G-5 (r-m-) recipient. However, the absolute level of this "raw" restriction ratio would be affected by possible differences in the level of competence for transfection of the two recipient strains used. Since no restriction of modified DNA occurs, this difference in competence could be quantified by comparing the transfection frequencies with modified DNA on the restricting and nonrestricting recipients. This enabled us to correct the restriction ratios described above for differences in competence. In Table 2 this was achieved by setting the r' m+/ r m ratio for modified donor DNA at 1.0 and normalizing this ratio for nonmodified DNA This result is not surprising: the chromosome of the nonmodified helper phage will be subjected to restriction in r+ m+ cells, thus precluding effective rescue of markers from the donor DNA, which, therefore, will be restricted.
In conclusion, these results show that, like the presence of an integrated prophage (5) (Fig. 1) were in good agreement with the prediction. At high amounts of helper phage (three phage per bacterium), the slopes and absolute levels of the dose-response curves for SPP1.0 and SPP1.R were almost identical, indicating that restriction was absent over the whole range of DNA concentrations used. However, at lower amounts of helper phage (0.3 and 0.03 phage per bacterium), biphasic curves appeared, suggesting that two different types of infective centers were present. One type would be formed via the pathway of rescue by the homologous helper chromosome. This pathway would more frequently be used at low concentrations of DNA. The results show that no restriction occurred (the slopes for SPP1.0 and SPP1.R were identical at low concentrations of DNA). The other type would be formed via the pathway for free transfection (no homology with DNA in recipient). The relative frequency of this fraction would increase by lowering the amount of helper or increasing the concentration of DNA. The resulting m-/m-homoduplexes from SPP1 .0 DNA would be sensitive to restriction. This was confirmed by the results in Fig. 1 (15) . Since this type of general inactivation affects modified and nonmodified DNA to the same extent, it will reduce the sensitivity of the detection of restriction in SMR. Therefore, to increase the sensitivity of the system, we used the following conditions: (i) the variation in intracellular inactivation between individual cells was reduced by using competent cells which had been synchronized for the uptake of DNA (see Materials and Methods), and (ii) we assayed the marker pair B3-M1O which, compared with single markers, should be more sensitive to general inactivation (15) . Figure 2 shows an experiment in which synchronized r+ m+ and r-m-recipients were mixed with saturating amounts of SPP1.0 and SPP1.R DNAs. Modified helper was added to samples of the mixtures as a function of time, and rescue of the markers carried on the transfecting DNA was subsequently assayed. Figure  2A shows the general type of inactivation described above for the mixtures: r-m-cells plus SPP1.0 DNA; r-m-cells plus SPP1.R DNA; and r+ m+ cells plus SPP1.R DNA. However, the mixture r+ m+ cells plus SPP1.0 DNA showed that the rescuability of donor markers decreased more rapidly, seemingly indicating that restriction did occur under SMR conditions. To illustrate this effect in a more convenient way, we replotted the results of this experiment, and of all the experiments to be described further in this paper, as relative restriction ratios. In this case these are defined differently from those in Table 2 and express the numbers of infective centers obtained with SPP1.R DNA relative to those with SPP1.0 DNA. To enable comparison of the various curves, this relative ratio was arbitrarily set at 1.0 at time zero (time of addition of DNase). Control experiments showed that at this time no restriction was measurable (data not shown). The relative restriction ratios deduced from Fig. 2A are replotted in Fig. 2B . The increase in the restriction ratios on the r+ m+ recipient indicates that the relative effect of restriction increased as a function of time.
Effect of limited DNA uptake on the level of restriction in SMR. The foregoing experiment, in which saturating amounts of DNA were used, seemed to indicate that in SMR restriction of nonmodified DNA did occur. However, analogous to the explanation for the results in Fig. 1 , an alternative explanation should be considered. At the high concentration of DNA used, two different types of infective centers may be formed: one via the helper-mediated pathway and the other via the pathway for free transfection. Only the latter type might be restricted. Since no direct distinction is possible between plaques formed via helper-mediated or free transfection, we tried to solve this question indirectly. One approach was the following. In free transfection with SPP1 DNA two, and in marker-rescue only one, donor molecules are required (15; for a review, see 24) . This means that free transfection will be more sensitive to variations in the amount of DNA taken up. Therefore, by studying the effects of variations in the amounts of DNA taken up by the cells, one can approach the question of whether one or both pathways described above are sensitive to restriction. This was done in the experiment described in Fig. 3 . Two variables were studied in an SMR experiment with 6G-R (r+ m+) competent cells: the time allowed for DNA uptake (Fig. 3A) and the concentration of DNA during uptake (Fig. 3B) . At limited DNA uptake (1.5- min uptake at 2 ,ug/ml in Fig. 3A ; 10-min uptake at 0.012 ,ug/ml in Fig. 3B ), the relative restriction ratios were about 1 over the whole period (90 min) studied. Since under these conditions in the absence of helper phage no free transfection was observed (results not shown), it must be concluded that the helper-mediated pathway had been used exclusively. A relative restriction ratio of 1.0 means that no restriction had occurred. We therefore conclude that under SMR conditions, helper-mediated transfection is completely protected against restriction. After longer periods of DNA uptake, or at higher concentrations of DNA, restriction was detectable (Fig. 3) . The level of restriction seemed to be correlated with the time allowed for uptake (or concentration of DNA) and the time of addition of the helper phage. All of these conditions favor the pathway for free transfection. Therefore, we attribute the observed restriction to the formation of m-/m-homoduplexes, which are formed in the absence of rescue. Further evidence for this is provided in the experiments described below.
Effect of Bgl on restriction in SMR. In the foregoing experiment, the helper-mediated pathway of transfection could be studied by knocking out the pathway of free transfection under conditions of limited DNA uptake. Another effective means of preventing free transfection is the introduction of one or more cuts in the DNA. Fragments of SPP1 DNA are, however, active in marker rescue (20) . In the experiment described in Fig. 4 , we used this information. Restriction endonuclease BglII was used to introduce the unique BglII cut in SPP1 DNA (3). By comparing Bglll-treated and nontreated SPP1 DNA, we were therefore able to study the effect of restriction on the marker rescue pathway in isolation from the effect on free transfection. In contrast to the nontreated control, the relative restriction ratio for BglII-treated DNA was about 1.0 during the whole period studied (80 min), indicating again that restriction did not occur in the helpermediated pathway of transfection.
Restriction of separated strands of SPP1 DNA in SMR. The results from the two foregoing experiments suggest that restriction operates only on the pathway used in free transfection, probably since only in this pathway are restrictable m-/m-homoduplexes formed after entry (17) . Further evidence for these ideas was ob- reduced sensitivities to BsuR compared with native DNA (6).
All results described in this and foregoing papers can be interpreted on the basis of one common hypothesis. We assume all types of donor DNA to enter competent B. subtilis cells in a fiagmented and single-stranded state. This has been amply documented for transformation with chromosomal DNA (for review, see 25) and also for transfecting DNA (17) . Recently, evidence was obtained that also the entry of plasmid DNA in competent B. subtilis cells occurs at the single-stranded level (10, 12, 14 Streptococcus sanguis (2) and S. pneumoniae (20) . The single-stranded fragments are complexed to cellular components, which render them resistant to restriction. Abundant basepairing potential with homologous sequences will be available in the newly introduced DNA.
In systems with homology between donor and recipient DNAs (transformation, transfection of lysogens, marker rescue, and plasmid transformation under conditions of DNA homology), pairing occurs preferentially with the complementary strand of the homologous modified chromosome. We consider the resulting m+/mheteroduplexes to be resistant to restriction, either because of intrinsic properties of these duplexes or because of rapid modification of the m strand. Experimental evidence for resistance of m+/m-heteroduplexes to restriction in Escherichia coli has been reported (16, 18) . In the absence of DNA homology with recipient (standard transfection, standard plasmid transformation), hybridization can occur between homologous segments derived from different donor molecules (transfection) or from different unit lengths of plasmid DNA in multimeric molecules (10, 14) . If the donor DNA-is nonmodified, only m-/m-homoduplexes can be formed, which will be restricted. With modified donor DNA, nonrestrictable m+/m+ homoduplexes will be formed.
In conclusion, this and foregoing papers in this series demonstrate that the absence or presence of homology between donor and recipient DNAs is the decisive factor in whether restriction will occur in B. subtilis. This, in turn, is a consequence of the fact that homology plays an important role in the fate of various types of donor DNA in competent B. subtilis cells.
